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Inspired by Taichi, we proposed rigid- flexible coupling concept and herein developed a highly promising 
solid polymer electrolyte comprised of poly (ethylene oxide), poly (cyano acrylate), lithium 
bis(oxalate)borate and robust cellulose nonwoven. Our investigation revealed that this new class solid 
polymer electrolyte possessed comprehensive properties in high mechanical integrity strength, sufficient 
ionic conductivity (3 X 10" 4 S cm" 1 ) at 60°C and improved dimensional thermostability (up to 160°C). In 
addition, the lithium iron phosphate (LiFeP0 4 ) /lithium (Li) cell using such solid polymer electrolyte 
displayed superior rate capacity (up to 6 C) and stable cycle performance at 80 °C. Furthermore, the 
LiFeP0 4 /Li battery could also operate very well even at an elevated temperature of 160°C, thus improving 
enhanced safety performance of lithium batteries. The use of this solid polymer electrolyte mitigates the 
safety risk and widens the operation temperature range of lithium batteries. Thus, this fascinating study 
demonstrates a proof of concept of the use of rigid-flexible coupling solid polymer electrolyte toward 
practical lithium battery applications with improved reliability and safety. 



Lithium batteries (LIBs) are ubiquitous and widely implemented in various portable devices, electric vehicles 
and grid storage systems because of the extremely serious climate change and the massive consumption of 
fossil energy 113 . Nevertheless, most commercial lithium batteries containing liquid organic electrolytes often 
suffered from potential safety risks due to leakage, volatility, spontaneous combustion of the electrolytes, limited 
temperature range of operation, and lack of mechanical stability. Above-mentioned safety hazards will under- 
mine the confidence of consumers and obstruct the commercialization of electric vehicles or hybrid electric 
vehicles. Thus, the safety issue of lithium batteries merits further study. Solid polymer electrolytes have been 
widely used as advanced and safe polymer electrolyte for application in solvent-free lithium batteries due to their 
attractive features of high safety, high flexibility and simple technological process. Poly (ethylene oxide) (PEO)/ 
lithium salt systems were intensively studied 14 " 21 . In this system, the ionic conductivity increases significantly 
(10" 4 -10" 3 S cm" 1 ) when the operating temperature is above the melting temperature of PEO. Nevertheless, the 
batteries using pristine PEO-based solid polymer electrolytes often encountered the following safety hazards: (1) 
poor mechanical strength; (2) poor electrochemical window; (3) inferior dimensional thermostability; (4) low 
ionic conductivity 22 " 24 . To address the above issues, many endeavours have been carried out to boost the per- 
formance over the past two decades, such as composite polymer electrolytes 25 " 31 , block copolymer electrolytes 32 " 34 , 
and interpenetrating network polymer electrolytes 35 . Despite these great advances, it is still challenging to make 
attempts especially in new design concept to improve comprehensive performance of solid polymer electrolyte. 
Therefore, it is essential to fabricate advanced solid polymer electrolyte with excellent mechanical strength, 
superior heat resistance, enlarged electrochemical window and high ionic conductivity. 

It is well-known that cellulose is one of the renewable materials and possesses outstanding properties such as 
desired chemical stability, environmental benignancy and dimensional thermostability (above 270°C) 36 . 
Furthermore, we have developed a flame-retardant and thermal resistant cellulose-based composite nonwoven 
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separator 37 . In the present study, by virtue of its attractive properties, 
flame-retardant cellulose nonwoven has been chosen as a polymer 
support to fabricate solid polymer electrolyte with improved mech- 
anical strength. 

Taichi, a kind of traditional Chinese boxing, is called as "the 
Quintessence of the Chinese Culture". The so-called "Taichi" mainly 
refers to ' yin" and "yang". The conflicting and interdependent rela- 
tions between the "yin" and "yang" are the general rules in the mater- 
ial world. Inspired by Taichi, we herein put forward a scalable and 
smart strategy to exploiting a new class of rigid-flexible coupling solid 
polymer electrolyte (hereinafter, abbreviated as "CCPL solid polymer 
electrolyte") and envisage that it would be reasonable to achieve a 
balance among mechanical strength, dimensional thermostability, 
electrochemical window and ionic conductivity for high-performance 
LIBs application. It was demonstrated that such solid polymer elec- 
trolyte reinforced mechanical strength, improved thermal resistance, 
enlarged electrochemical windows and the enhanced safety issues, 
which was further corroborated by the fact that lithium batteries 
can also operate well even at an elevated temperature of 160°C. 

Results 

Preparation of CCPL solid polymer electrolytes. To demonstrate 
this preparation of CCPL solid polymer electrolyte, a rigid-flexible 
coupling concept has been adopted as shown in Figure 1. The prepa- 
ration process of solid polymer electrolytes was as follows: A certain 
amount of PEO and Poly (cyano acrylate) (PCA) was dispersed in 
anhydrous acetonitrile with the aid of ultrasonic dispersion, followed 
by the addition of LiBOB. The mass ratio of PEO:PCA:LiBOB was 
10:2: 1. The solution was stirred at 25 °C for 10 hrs. Subsequently, 
cellulose nonwoven membrane was prepared according to the 
method of our previous literature 37 . Finally, the homogeneous 
solution was then poured into cellulose nonwoven membrane and 
the solvent was removed in vacuum oven at 60°C for 2 hrs. The final 
thickness of solid polymer electrolyte membrane was around 100 um. 
They were stored under argon box for subsequent measurements. 

Morphological characterization and FTIR spectra analysis. 

Figure 2 (a-c) presented the typical SEM images of cellulose non- 
woven membrane and CCPL solid polymer electrolyte. As revealed 
by SEM image of Figure 2a, cellulose nonwoven membrane consisted 
of randomly arranged nanofibers with an average diameter size of 
800 nm and it possessed large-sized pores (>1 um), which was 
beneficial to contain polymer electrolyte. Figures 2b and 2c 
described the surface and cross-section morphology of CCPL solid 
polymer electrolyte. It can be seen that the surface of obtained 
polymer electrolyte was smooth and homogenous and the 



thickness of the membrane was about 100 urn. In addition, it was 
depicted from the cross section image that the pores of the fibrous 
matrix of cellulose nonwoven were filled with PCA, PEO and LiBOB, 
demonstrating the cellulose-supported solid polymer electrolyte 
with continuous structure has been successfully obtained. 

To verify our observation, FTIR was utilized to characterize the 
structure of solid polymer electrolyte. As shown in Figure 2d, the 
characteristic absorbance peak of cellulose nonwoven membrane 
among 3100-3600 cm" 1 corresponds to O-H stretching of hydrogen 
bonding. After PEO was introduced onto the heat-resistant cellulose 
skeleton, the peak at 2862 cm" 1 corresponding to the symmetric 
stretching of C-H bond becomes stronger. And stretching of C-O 
bond brought about the absorption peak at 1098 cm" 1 . All typical 
peaks of the PEO appearing in the FTIR spectra imply that solid 
polymer electrolyte is successfully prepared. 

Mechanical property and thermal analysis. Solid polymer electro- 
lyte of lithium batteries usually suffers from poor mechanical 
integrity. It is well-known that the poor mechanical performance 
limits the application of solid polymer electrolyte in energy storage 
devices. The stress-strain curves of PEO solid polymer electrolyte 
and CCPL solid polymer electrolyte were shown in Figure 3a. 
Apparently, the stress of PEO solid polymer electrolyte was only 
2.5 MPa, which was consistent with previous study 38 . Unfortu- 
nately, the stress is too low to acceptable for lithium batteries. In 
our case, the mechanical strength of CCPL solid polymer electro- 
lyte was enhanced to reach as high as 43 MPa, which was more 
advantageous to remain mechanical integrity when it encountered 
abrupt accident collision. This reason was ascribed to the synergetic 
effect of cellulose nonwoven, PEO and PCA kept the mechanical 
property of solid polymer electrolyte. In terms of actual 
application, the CCPL solid polymer electrolyte could deliver more 
reliable mechanical property and subsequently alleviate the 
possibility of short circuit of the batteries, thus improving the 
safety of lithium batteries. 

Thermal stability is also a critical intrinsic factor which influences 
application of solid polymer electrolyte in high-performance lithium 
batteries. The DSC curves of cellulose nonwoven membrane, PEO 
solid polymer electrolyte and CCPL solid polymer electrolyte were 
shown in Figure 3b. The data corresponding to DSC curves are 
summarized in Table 1. From the DSC data shown in Table 1, it is 
clear that cellulose is very stable and does not exhibit a melting point. 
In the case of PEO polymer electrolyte, there is a sharp endothermic 
peak at 52.9°C, demonstrating the melting of PEO crystallites. This 
suggested that lithium batteries using pristine PEO solid polymer 
electrolyte operating above 53°C could potentially experience deteri- 
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Figure 1 | Design concept of rigid-flexible coupling CCPL solid polymer electrolyte. (We appreciated Jianjun Zhang for his contribution in designing 
and drawing Figure 1.) 
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Figure 2 | Typical SEM images of (a) cellulose nonwoven membrane, (b) surface image and (c) cross section image of CCPL solid polymer electrolyte, 
(d) FTIR spectra of cellulose nonwoven membrane and CCPL solid polymer electrolyte. 



oration and explosion initiated by short circuit owing to poor mech- 
anical integrity. In contrast, the dimentional thermostability of 
CCPL solid polymer electrolyte (Figure SI) was much enhanced, 
which could significantly eliminate the risk of short-circuit at abused 
condition of lithium batteries. In addition, melting enthalpy, degree 



of crystallinity and T g of CCPL solid polymer electrolyte were 
64.8 J g~\ 30.7% and — 28.8°C respectively, which were lower than 
those of pristine PEO solid polymer electrolyte. The obtained result 
indicated that the crystallinity of CCPL solid polymer electrolyte was 
lowed through introducing PCA. 
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Figure 3 | (a) Stress-strain curves for PEO solid polymer electrolyte and CCPL solid polymer electrolyte, (b) DSC curves for cellulose nonwoven, PEO 
solid polymer electrolyte and CCPL solid polymer electrolyte. 
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Table 1 | Thermodynamic data for different samples. Melting tem- 
perature T m (onset), melting enthalpy AHf, degree of crystallinity 
and glass transition temperature T g . The reference melting enthalpy 
of 100% crystalline PEO is taken as 214.6 J/g 1 

T m AHf Crystallinity T g 
Samples (°C) (Jg" 1 ) (%) (°C) 

Cellulose nonwoven 

PEO solid polymer electrolyte 52.9 69.7 32.5 -24.9 
CCPL solid polymer electrolyte 53.6 64.8 30.7 -28.8 



Electrochemical characterizations. Apart from mechanical strength 
and thermal stability, electrochemical property of CCPL solid 
polymer electrolyte is of significant importance for its application 
in high-performance lithium batteries. It is crucial to evaluate the 
electrochemical stability of polymer electrolyte among the operating 
voltage for practical battery applications. The electrochemical 
stability of the electrolyte is studied using linear sweep voltam- 
metry in the stainless steel/CCPL solid polymer electrolyte/Li cells 
at 80°C. The results are given in Figure 4a, in which the electrolyte 
was swept from 2.5 V and 6 V at a constant rate of 1 mV s" 1 . As seen 
from Figure 4a, the electrochemical window of CCPL solid polymer 
electrolyte was stable up to 4.6 V versus Li + /Li, indicating that such 
solid polymer electrolyte has an enhanced electrochemical stability. 
For a fair comparison, linear sweep voltammetry of pristine PEO 
solid polymer electrolyte was also characterized. It can be seen that 
pristine PEO-based solid polymer electrolyte exhibited lower electro- 
chemical window (less than 4.0 V), indicating the electrochemical 
stability of CCPL solid polymer electrolyte was significantly 
improved which was ascribed to the synergetic effect between PCA 
and cellulose nonwoven 39 . The present investigation demonstrates 
that CCPL solid polymer electrolyte is electrochemically stable 
enough for the use as electrolyte for lithium batteries. 

Figure 4b illustrated the dependence of ionic conductivity of PEO 
solid polymer electrolyte and CCPL solid polymer electrolytes at 
different temperatures from 20°C to 160°C. As we all know, pristine 
PEO polymer electrolyte will melt and lose mechanical integrity 
when the temperature was higher than 80 °C 25 . Therefore, the ionic 
conductivity of PEO solid polymer electrolyte cannot be tested at that 
condition, as shown in Figure 4b. It was noticed that ionic conduc- 
tivity of PEO solid polymer electrolyte and CCPL solid polymer 
electrolyte was 2 X 1(T 5 S cm" 1 and 1.3 X 1(T 5 S cm" 1 at 20°C, 



respectively. As the temperature increases, the ionic conductivity 
increases accordingly 40 . The ionic conductivity of CCPL solid poly- 
mer electrolyte was a little lower than that of PEO solid polymer 
electrolyte (<80°C), which might be attributed to the cellulose skel- 
eton in CCPL solid polymer electrolyte. Taking into account other 
factors, such as mechanical property and electrochemical stability, 
CCPL solid polymer electrolyte would be more beneficial to improve 
comprehensive performance of the cells. Moreover, in the temper- 
ature range investigated, the CCPL solid polymer electrolyte presents 
an ionic conductivity of 1.4 X 10~ 3 S cm" 1 at 160°C. It is worthy to 
note that such solid polymer electrolyte can work at elevated tem- 
perature up to 160°C without internal short-circuit. 

For more convenient use of this solid polymer electrolyte, the 
ability to avoid short-circuit of battery is highly desirable. For this 
purpose, we monitored the ionic conductivity at the fixed time at 
160°C. As displayed in Figure S2, ionic conductivity basically main- 
tained at 1.4 X 10~ 3 S cm" 1 for 60 h, indicative of an excellent 
dimentional thermostability. In view of the exciting and outstanding 
performance, we can speculate that such CCPL solid polymer elec- 
trolyte can be applied to lithium batteries running at elevated 
temperature. 

Discussion 

Typical charge-discharge profiles of LiFeP0 4 /Li batteries obtained at 
various rates at the temperature of 80°C were shown in Figure 5a. In 
0.1 C/0. 1 C, the charge and discharge voltages exhibited obvious and 
flat profiles 41 . The stable voltage profiles would be attributed to good 
electrochemical stability and mechanical integrity of CCPL solid 
polymer electrolyte 33 . As the current density increases, the voltage 
plateau and the specific discharge capacity decrease slightly. It can be 
found that LiFeP0 4 /Li cell using CCPL solid polymer electrolyte 
exhibited excellent rate performance at the temperature. They could 
achieve capacities of 153, 148, 134, 118, 102, 74.4 and 58.1 mAh g" 1 
at various current rates of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, 4 C and 6 C, 
respectively, which was better than those of the PEO polymer elec- 
trolyte 16 . The excellent performance at different rates may be 
ascribed to satisfactory ionic conductivity and favourable interfacial 
properties between the electrodes and the electrolyte in the cell at the 
temperature of 80 °C. 

Figure 5b presented cycle performance of the LiFeP0 4 /Li cell 
using CCPL solid polymer electrolyte at 80 °C. It can be found that 
88% of the discharge capacity is retained after 1000 cycles, indicating 
that CCPL solid polymer electrolyte can afford a good cycling per- 
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Figure 4 | (a) Linear sweep voltammetry obtained for PEO solid polymer electrolyte and CCPL solid polymer electrolyte at 80°C (b) Temperature 
dependence of ionic conductivity for PEO solid polymer electrolyte and CCPL solid polymer electrolyte. 
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Figure 5 | (a) Typical charge- discharge profiles obtained at various rates, (b) cycle performance of LiFeP0 4 /Li cell using CCPL solid polymer electrolyte at 
1 C. Temperature: 80°C. (c) Nyquist plots for the LiFeP0 4 /Li cells with CCPL solid polymer electrolyte after the first cycle and after the 1000 cycles 
test and (d) Illustration of aluminum-pouch-type lithium batteries using LiFeP0 4 as the cathode and lithium metal as the anode for powering a LED 
lamp. Temperature: 25°C. 



formance. This would be attributed to the improved interfacial com- 
patibility and limited cell impedance augment during long term 
cycling owing to introduction of PCA. 

To probe the variation of cell impedances during cycling, AC 
impedance measurement was carried out for LiFeP0 4 /Li cells 
assembled with such solid polymer electrolyte after the first cycle 
and after the 1000 cycles test. As shown in Figure 5c, the intercept 
of the spectra with the real axis reflects the bulk resistance (Rbuik) of 
CCPL solid polymer electrolyte. In the middle frequency, there is an 
irregular semicircle attributed to the charge-transfer resistance. It can 
be seen from Figure 5c that the value of charge-transfer resistance 
after first cycle was 55 Q. After the 1000 cycles, the value became 80 
Q, indicative of a minor augment of charge-transfer resistance. Good 
interfacial properties are mainly due to the flexibility of the polymer 
electrolyte, which can make the contact between the SPEs and elec- 
trodes more sufficient. In addition, the discharge capacity of 
LiFeP0 4 /Li cells using CCPL solid polymer electrolyte at 25 °C and 
40°C were also listed in Table SI, Figures S3 and S4. Happily, at 25°C, 
CCPL solid polymer electrolyte based LiFeP0 4 /Li cells could deliver 
104.4 mAh g" 1 and 48.9 mAh g" 1 at 0.03 C and 0.1 C, respectively. 
Finally, in order to explore the feasibility of CCPL solid polymer 
electrolyte, illustration of aluminum pouch cell comprising 



LiFeP0 4 and lithium metal was shown in Figure 5d. It can be seen 
that the cell was successfully able to light up a red LED lamp at 25°C, 
further proving the practicability and reliability of this battery. 

The rate performance comparison data of such solid electrolyte 
operated at 60 °C, 80 °C and 160°C was illustrated in Figure 6a. It was 
noted that the results at 60 °C displayed attractive performance com- 
pared with the reported results 16 . To further prove the safety concern, 
we conducted experiment in a harsh condition. When used in 
lithium batteries system at an elevated temperature of 160°C, the 
LiFeP0 4 /Li battery could also run very well at various rates from 
0.1 C to 10 C (Figure 6b), thus indicating an improved safety per- 
formance of battery at elevated temperatures. This is a solid evidence 
to prove that the CCPL solid polymer electrolyte showed unpreced- 
ented improvements in safety characteristic at elevated temperatures. 
Future development of large electric vehicles and power grids 
requires lithium ion batteries with not only superior cycle perform- 
ance but also high energy density. Therefore, it is vital to evaluate the 
electrochemical stability of polymer electrolyte among high voltage 
for practical battery applications. As we all know, pristine PEO -based 
solid polymer electrolyte exhibited lower electrochemical window 
(less than 4.0 V), which would limit future application. As shown 
in Figure 6c and 6d, the charge and discharge voltages exhibited 
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obvious and flat profiles. In addition, the obtained capacity retention 
of LiMn 2 0 4 /Li cell was 97.7% after 55 cycles, indicating that CCPL 
solid polymer electrolyte could afford a good cycling performance at 
a relatively high voltage. 

LiFeP0 4 /Li battery using such CCPL solid polymer electrolyte 
exhibit fascinating electrochemical performance for three aspects: 
(1) high capacity retention: 88% after 1000 cycles at 80°C, (2) high 
temperature stability: the batteries were still able to operate well in a 
wide temperature range even to 160°C, (3) high electrochemical 
window: the LiMn 2 0 4 /Li cell using CCPL solid polymer electrolyte 
exhibited stable charge/discharge profiles and superior cycle per- 
formance at 0.5 C. 

A corollary of this is that, this would offer a kind of new concept for 
designing and exploiting rigid-flexible coupling solid polymer elec- 
trolyte by tuning various components for realizing superior overall 
performance of all-solid-state lithium batteries. Ongoing studies are 
being conducted to enhance the flame retardancy and ionic conduc- 
tivity of solid polymer electrolyte to further improve the safety issue 
and battery performance. 

In conclusion, from practical and fundamental viewpoint, we have 
successfully fabricated cellulose nonwoven/PCA-PEO/LiBOB as 
rigid- flexible coupling solid polymer electrolyte for high-perform- 
ance lithium batteries. This solid polymer electrolyte exhibited fas- 
cinating characteristics for lithium batteries in terms of fair ionic 



conductivity (3 X 10" 4 S cm" 1 ) at 60°C, excellent mechanical 
strength as compared to pristine PEO solid polymer electrolyte, 
and superior dimentional thermostability (up to 160° C). In addition, 
the LiFeP0 4 /Li battery using such solid polymer electrolyte exhibited 
excellent rate capability and high cycling retention owing to its facile 
ion transport and excellent interfacial compatibility. Furthermore, 
such solid polymer electrolyte based LiFeP0 4 /Li cell also allowed for 
a safe and stable operation even at an elevated temperature of 160°C. 
The rigid-flexible coupling design adopted in this work should 
inspire the development of advanced solid polymer electrolytes. In 
addition, this may provide a bridge to the future advanced solid 
polymer electrolyte for application in high-performance power 
lithium batteries. 

Methods 

Sample collection. Poly (ethylene oxide) (PEO, Mw = 300,000, Alfa Aesar 
Company) was dried at 50°C for 10 hrs under vacuum condition before use; Poly 
(cyano acrylate) (PCA) was purchased from Beijing Chemical Company; Lithium 
bis(oxalate)borate (LiBOB) was supplied by Suzhou Fotai New Materials Co., Ltd. 
Acetonitrile was obtained from Tianjin Fuyu Fine Chemical Co., Ltd. 

Samples characterization. A field emission scanning electron microscope (Hitachi S- 
4800, operating at 3 kV) was used to observe morphology of the obtained solid 
polymer electrolyte. The chemical structure of the membranes was characterized by 
Fourier transform infrared spectroscopy (FT-IR, Bruker VERTEX 70). The stress- 
strain curves were measured using an Inston-3300 universal testing machine (USA) at 




Figure 6 | (a) Rate performance of LiFeP0 4 /Li cell compared at 60°C, 80°C and 160°C. The black data was taken from ref. 16 for comparison, (b) Typical 
charge/discharge profiles obtained at various rates from 0.1 C to 10 C for LiFeP0 4 /Li cell using CCPL solid polymer electrolyte. Temperature: 160°C. (c) 
Charge/discharge curves of LiMn 2 0 4 /Li cell using CCPL solid polymer electrolyte compared at first cycle and 55 th cycle. Temperature: 60°C. (d) The 
capacity retention of LiMn 2 0 4 /Li cell using CCPL solid polymer electrolyte at 0.5 C. Temperature: 60°C. 
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a stretching speed of 1.66 mm sec" 1 with the sample straps of about 1 cm wide and 
8 cm long. Differential scanning calorimeter (DSC, PerkinElmer) was carried out to 
measure the thermal properties of the polymer electrolyte at a heating rate of 10°C/ 
min under nitrogen atmosphere. 

Electrochemical evaluation. The ionic conductivity of the samples was evaluated by 
sandwiching the samples between the two stainless steel electrodes via AC impedance 
techniques. The measurements were performed using an electrochemical workstation 
over a frequency range from 1 Hz to 10 6 Hz at various temperatures ranging from 
20°C to 160°C. Linear sweep voltammetry of polymer electrolyte was carried out on 
electrochemical workstation with a sweep rate of 1 mV/s between 2.5 V and 6.0 V. 
The LiFeP0 4 cathode was composed of 60 wt% LiFeP0 4) 32 wt% PEO-PCA-LiBOB, 
and 8 wt% carbon black. The LiFeP0 4 /Li battery was charged and discharged 
between 2.5 V-4.0 V at various currents. The C-rates in all of the electrochemical 
measurements are defined based on 1 C = 150 mA g" 1 . The LiMn 2 0 4 cathode was 
composed of 80 wt% Li Mn 2 0 4 , 15 wt% PEO-PCA-LiBOB, and 5 wt% carbon black. 
The LiMn 2 0 4 /Li battery was charged and discharged between 3 V-4.3 V at 0.5 C 
(1 C = 120 mA g -1 ). Before the measurements, all the cells were kept in the oven at 
the testing temperature for 3 hrs to reach thermal equilibrium. 
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